Abstract: Theoretical and experimental analyses of a cell that measures the viscosity of liquids using longitudinal to shear wave mode conversion are presented. The measurement method is based on the determination of the complex reflection coefficient (magnitude and phase) of shear waves at a solid-liquid interface. The cell is composed of an ultrasonic transducer, a water buffer, an aluminum prism, a PMMA buffer rod and a sample chamber. In order to simulate the cell, a unidimensional model composed by acoustic and electroacoustic transmission lines is implemented using matrix operations. The simulation of viscosity as a function of signal-to-noise ratio, and the temperature dependence, which affects the measurement values if there are gradients inside the cell, are studied. The results show the behavior of the measurement cell to obtain the viscosity error. The cell was tested with olive oil at 3.5 MHz as a function of the temperature. The experimental results agree with those measured by a rotational viscometer for stabilized temperatures.
A. Introduction
The automatic process control needed by many industries may require in-line and real-time viscosity measurements, which the conventional viscometer is unable to achieve [1] . An alternative method to the conventional viscometer employs ultrasonic shear waves to obtain the viscosity of liquids at higher frequencies. This method is based on the measurement of the complex reflection coefficient of a plane shear wave reflected at a solid-liquid sample interface with oblique or normal incidence. The complex reflection coefficient (magnitude and phase) is obtained in the frequency domain by normalizing the solid-liquid sample echo with respect to the solid-air echo recorded in a previous experiment.
The ultrasonic shear reflectance method was developed to measure the viscosity of liquids as early as 1949 by Mason et. al [2] . Several papers reported the use of shear wave transducers to measure the reflection coefficient [3] [4] . An advantage of such determination of viscosity is the small volume of liquid needed in the measurements; for example, it can be used for monitoring thin polymeric films and paper pulp [5] A strategy of viscosity measurement based on the ultrasonic shear reflectance method at normal incidence utilizes a measurement cell that employs a wave mode conversion from longitudinal to shear wave and viceversa [6] . In this cell there is a commercial ultrasonic transducer that generates longitudinal waves, and a PVDF (polyvinylidene fluoride) membrane receiver that detects only the longitudinal mode. The shear wave is generated by a mode conversion at the oblique face of an aluminum prism immersed in water. The conversion mode circumvents the problem that a commercial shear wave transducer does not generate a pure shear wave. However, this arrangement does not guarantee a good signal-tonoise ratio (SNR) for higher frequencies. Thus, in a more recent work, using only one commercial transducer for both emission and reception, considering wave mode conversion, the SNR is improved [7] . Such work verified experimentally that a simplified method, described in the literature using only the magnitude of the reflection coefficient (avoiding the more difficult measurement of the phase), does not provide real viscosity values [7] This work deals with the analysis of a measurement cell using mode conversion. The main contribution is to explore a more detailed analysis of the cell, simulating its resulting effects, such as temperature gradients in the solids and the liquid sample. The simulation of the cell operation can be suitably modeled as acoustic and electroacoustic transmission lines, resulting in a simple one-dimensional model that can be implemented using only matrix operations. Moreover, in order to show the power of the shear reflectance method used in the cell, measurements with olive oil were conducted in the range from 15ºC to 30ºC at 3.5 MHz.
B. Ultrasonic measurement of viscosity
When a plane shear wave traveling in a solid medium strikes the interface defined between the solid and a liquid, one wave is transmitted into the liquid and another is reflected. The ratio of the amplitude of the reflected stress to the incident one is known as reflection coefficient:
where r is the magnitude of the reflection coefficient and (π-θ) is the total phase on the reflection, and θ is the phase shift caused by application of the liquid to the reflecting interface of the solid. If the solid is in contact with air (without liquid sample), r=1 and θ=0, a total reflection occurs and the reflected wave is 180º out of phase with the incident wave. From the wave propagation theory, the reflection coefficient is related to the acoustic impedances of liquid and solid media by [8] :
where the subscripts L and S represent the liquid and solid media, respectively, and R L and X L are the acoustic resistance and the acoustic reactance of the liquid, respectively. Due to the small attenuation in the solid when compared with the attenuation in the liquid, the solid acoustic impedance is considered real, with value
where ρ S is the density and v S is the propagation velocity. By using the simplest model for viscoelastic materials (Kelvin-Voigt model), it can be shown that the acoustic impedance is related to the complex shear modulus (G * ) of the liquid by:
in which the parameters ' G and ' ' G are the elastic modulus and the loss modulus, respectively. As the loss modulus is related to the viscosity by
, the viscosity of the liquid is:
, (4) where the subscript u makes reference to a quantity measured by ultrasound.
C. Measurement cell
The measurement cell developed for the ongoing research, as shown in Fig.1 , is composed of a piezoelectric ceramic transducer, a water buffer, an aluminum prism, a acrilyc (polymethyl-methacrylate or PMMA) buffer rod, and a sample chamber. One face of the PMMA buffer rod is in contact with the sample chamber, and the other is bonded to the aluminum prism opposite to its oblique face. The cell is immersed in water. The transducer emits a short longitudinal wave that passes through the water buffer, reaches the prism oblique face and is converted into a shear wave. The shear wave propagates through the prism and reaches the interface of the PMMA with normal incidence. At this interface, the reflected wave returns to the transducer, and the transmitted wave travels through the PMMA buffer rod and reflects at the solid-sample interface. The PMMA used in the measurement interface was a 5-mm-thick buffer rod, for the frequency range from 1 to 3.5 MHz. When frequencies are lower than 1 MHz there is superposition of the reflections from the reference and measurement interfaces, and when frequencies are greater than 3.5 MHz there is high attenuation in the PMMA. This cell measures the shear wave velocity in the PMMA by determining the delay of the signals reflected from the reference and measurement interfaces. It is calculated by means of the correlation function and the Hilbert transformation [9] .
The complex reflection coefficient is obtained by referring, in the frequency domain, the signal from the solid-liquid interface to the one from the solid-air interface recorded in a previous experiment. To eliminate the problems with equipment drift between these two measurements, the method employs normalization with respect to the reflected signal at the prism-PMMA buffer rod interface (reference interface). Then, the magnitude r of the reflection coefficient is obtained by:
where A and N denote the Fourier transforms of the pulses reflected from the measurement and reference interfaces, respectively, and the phase shift θ is obtained by:
where
, and the subscripts liq and air make reference to the cases with and without liquid sample. When applying the liquid sample to the reflecting measurement interface, the magnitude r is reduced (it is smaller than 1) and the phase shift θ is increased (it is greater than 0) in comparison to the results from solid-air interface.
D. Measurement cell model
The measurement cell is modeled by means of the distributed matrix model [10] , which allows to simulate the wave propagation in multi-layered transducers composed for both active and passive elements. The model consists in acoustic (passive elements) and electroacoustic (active elements) transmission lines, each represented by a matrix. The interaction between the adjacent elements is performed by matrix multiplication. The voltage (V) and current (I) in the electric port is related to the force (F 5 ) and the particle velocity (v 5 ) in the measurement interface by:
where A is the matrix of the active element given by:
[ ] 
with
As the acoustic impedance is defined as Z=F/v, the relation in the frequency domain between the applied and received voltages (V R /V E ) in the electric port is called the insertion loss (IL) and is given by: 
The impulse response is obtained by means of the inverse fast Fourier transform (IFFT) of the insertion loss.
The importance of this method is that it allows an easier numerical simulation of the viscoelastic behavior of the liquid sample at ultrasonic frequencies. Furthermore, it permits to simulate the influence of nonideal effects, such as cell temperature gradients on wave propagation and additional cement layers [11] .
D.1. Simulation of the viscosity effect on the solid-liquid interface
The simulation of the viscosity effect on the solidliquid interface was made by relating the acoustic shear impedance of the liquid to its complex shear modulus by (3) (Kelvin-Voigt model). In general, G' and G'' are complex and frequency-dependent. That permits to explore the adjustment of the experimental data obtained by ultrasound to different numerical models. The insertion loss must be calculated for a wide frequency range, sufficient to embrace the entire frequency spectrum of each signal. (7), leading to the theoretical viscosity value used in the beginning (6.54 Pa.s). In reality, the values of magnitude r and phase shift θ measured with the cell for SAE 250 oil at 1 MHz and 22.5°C were 0.86 and 6.2°, respectively, leading to an experimental viscosity value of 3.9 Pa.s. That result was obtained with a small standard deviation.
The difference between the measured and simulated values is due to the strong non-Newtonian behavior which is not considered by the Kelvin-Voigt model [8] .
E. Results
Fig .4 shows the temperature variation effects on complex reflection coefficient and viscosity, when a liquid sample at different temperature is injected into the cell chamber. Admitting a constant temperature in the liquid sample, there is a one-dimensional heat flow in the solid layer (PMMA). The cell temperature free of sample was T 0 =20°C. The temperature of the liquid sample added was equal to T 0 ±Δt, where the variation is Δt=±0.5°C. The variation of the wave propagation velocity in the solid as a function of temperature was measured.
There is a strong temperature dependence on the reflection coefficient. The magnitude has a small variation with temperature and depends only on the change in the wave propagation velocity. On the other hand, the phase strongly depends on the temperature, increasing viscosity variation. Thus, excellent temperature stability is needed in order to obtain good results.
The effect of the signal-to-noise ratio (SNR) on the viscosity is analyzed by adding to the signals a uniformly distributed white noise. The SNR is calculated by:
where A Signal and A Noise are the RMS (root mean square) values of the signal and the noise, respectively. The viscosity was calculated N times, for N=10 and N=100.
The mean (circles) and standard deviation (bars) were plotted as function of the SNR, as shown in Fig.5 . The results show a great reduction of the standard deviation while the SNR is increased and mean values fit better the real value of viscosity, mainly for the greater N. From this simulation, it was found that a viscosity error of less than 2% is obtained for a SNR greater than 20 dB. Fig .6 shows the viscosity measured by ultrasound as a function of temperature for olive oil at 3.5 MHz. The results are compared to that obtained with the rotational viscometer showing good agreement. Relative differences of less than 10% were obtained. Those results are included to show the power of the method. A more complete discussion about the viscosity measurement can be found in the work of Franco et al [9] .
F. Conclusion
The distributed matrix model used in this work permits the simulation of many phenomena involved in the measurement of viscosity by ultrasound.
The shear reflectance method is a promissory technique for the in-line and real-time measurement of viscosity. 
